Members of the genus Chroococcidiopsis are characterized by a pronounced ability to withstand the lethal effects of desiccation (7) . In nature these cyanobacteria dominate the most extreme arid habitats in hot and cold deserts, where they survive in a desiccated (or frozen) state most of the time (15) .
The cytology and ultrastructure of field-and laboratorydesiccated Chroococcidiopsis cells were investigated, and the development of thick multilayered envelopes, rich in polysaccharides, was found to be correlated with desiccation tolerance (8, 9) . The molecular mechanisms that contribute to the dehydration resistance of Chroococcidiopsis cells are poorly understood, as are similar mechanisms in most prokaryotes (3, 16, 17) , but it is widely accepted that the ability to survive desiccation is correlated with the ability to develop spores and/or the ability to produce extracellular polysaccharides (3, 17) .
Because dehydration affects the membranous and proteinaceous components of a cell, as well as its nucleic acids, the ability to survive prolonged desiccation involves a complex array of factors at every level of cell structure and function (3, 16, 17) . For example, it appears that at the onset of rehydration, the capacity to repair DNA damage that accumulates during desiccation is critical for desiccation tolerance (5) . Desiccation tolerance and radiation resistance in Deinococcus radiodurans have a common basis, as DNA repair-deficient mutants lack both properties (11) . On the other hand, in Escherichia coli, dehydration-induced mortality is not correlated with induction of DNA breaks, suggesting that differences between radiation-resistant and radiation-susceptible microorganisms extend beyond the ability of the organisms to repair DNA damage (11) .
In order to elucidate the mechanisms of desiccation tolerance in Chroococcidiopsis cells, nine strains isolated from different extreme arid environments and one strain isolated from a hypersaline environment were studied to determine their colony-forming abilities and their capacities to repair DNA damage after exposure to high doses of X rays ranging from 2.5 to 20 kGy (1 kGy ϭ 0.1 megarad).
MATERIALS AND METHODS
Organisms and growth conditions. Of the 10 Chroococcidiopsis sp. strains used in this study, 8 were isolated from different hot desert areas of the world, 1 was isolated from the Antarctic desert, and 1 was isolated from a hypersaline evaporation pond ( Table 1 ). All of these strains are maintained in the Culture Collection of Microorganisms from Extreme Environments at Florida State University (now located at the University of Oregon, Eugene). The unicellular aquatic cyanobacterium Synechococcus sp. strain UTEX 625 and a non-desiccation-resistant bacterium, E. coli B, were used for comparison. Cyanobacterial strains were grown at 25°C in BG-11 medium (18) and were illuminated with a flux density of 90 mol m Ϫ2 s Ϫ1 provided by fluorescent cool white bulbs; a cycle consisting of 16 h of light and 8 h of darkness was used. E. coli was grown in Luria-Bertani medium (19) at 37°C. The cultures used for radiation experiments were 3-month-old cultures of each Chroococcidiopsis strain and 1-month-old cultures of Synechococcus sp. strain UTEX 625 (all of these cultures were in the stationary phase and had a cell density of about 10 8 cells ml
Ϫ1
), as well as E. coli cultures that had been grown overnight and washed in SM medium (19) .
Irradiation. Samples (4 ml) were irradiated at room temperature with photons generated by 3 MeV of electrons striking a water-cooled tungsten disk. Aerobic conditions were maintained by bubbling air through culture samples. Dosimetry was performed with type FTW 60 radiochromic film used as recommended by the manufacturer (Far West Technology, Inc., Goleta, Calif.).
Estimation of survival. To determine levels of survival, 500-l aliquots were removed from irradiated samples at various times, and 100-l aliquots were plated directly or after suitable dilution. Unirradiated samples were diluted and used for plate counting. Each Chroococcidiopsis single cell or cellular aggregate was considered 1 CFU (see below). Colonies derived from surviving CFU were counted 2 to 4 months later, depending on differences in the growth rates of the Chroococcidiopsis strains. The plating efficiencies of 3-month-old Chroococcidiopsis cultures, as deduced by comparing direct cell counts of unirradiated samples with numbers of colonies found, were 70 to 80%. Surviving cells of Synechococcus sp. strain UTEX 625 and E. coli were counted after 3 weeks and 2 days, respectively. DNA isolation. To evaluate radiation-induced damage, DNA was extracted from 25-ml samples of unirradiated cultures and from irradiated cultures immediately and 3, 12, and 24 h after irradiation, as previously described (4) . Briefly, after lysozyme treatment and osmotic shock, cells were ground with glass beads in the presence of hot phenol. The quality of the chromosomal DNA was assessed by agarose gel electrophoresis.
Excision repair. The release of DNA from X-ray-irradiated Chroococcidiopsis cells was evaluated by using the method of Lett et al. (10) . Chroococcidiopsis cells in the exponential phase of growth were labeled with [ 1 week in the presence of thymidine (5 M). Following irradiation with 2.5 kGy of X rays, samples were allowed to grow, and 1-ml aliquots were removed at intervals. After centrifugation at 12,000 ϫ g for 20 min, supernatant fractions were incubated with 5 ml of 10% (wt/vol) trichloroacetic acid (TCA) on ice for 1 h, filtered onto membrane filters, washed once with ice-cold 1% (wt/vol) TCA and three times with 95% (vol/vol) ethanol, and analyzed by scintillation counting. The controls consisted of unirradiated aliquots of Chroococcidiopsis cultures labeled as described above, and the value for the radioactivity detected in the supernatant fraction was considered 100%.
RESULTS AND DISCUSSION
Radiation survival. After exposure to 2.5 kGy (0.25 megarad) of X rays, the rates of survival for 10 Chroococcidiopsis strains (Table 1 ) ranged from about 35% (strain 584) to about 80% (strain 015) (Fig. 1) . Three of the most resistant strains (strains 015, 057, and 101, which were chosen to represent different hot and cold deserts) were investigated further. After exposure to 5 kGy of irradiation, the rates of survival of strains 015 and 101 were reduced by 1 order of magnitude, and the rates of survival of 057 and 171 were reduced by 2 orders of magnitude (Fig. 2) . When cells were exposed to more than 5 kGy, the rates of survival declined rapidly, and the rates of survival decreased to almost zero after exposure to 20 kGy; that is, about 1 to 10 viable cells per 100 l of original culture survived (Fig. 2) . For comparison, the rate of survival of Synechoccocus sp. strain UTEX 625 irradiated with 1 kGy was reduced 10,000-fold (Fig. 2) . After exposure to 2.5 kGy, no viable Synechoccocus sp. strain UTEX 625 cells were detected in 100 l of culture. The rate of survival of E. coli B was reduced by 2 orders of magnitude after irradiation with 0.2 kGy and by 4 orders of magnitude after irradiation with 0.3 kGy (Fig. 2) . No colonies were detected in a 100-l culture of E. coli B that had been irradiated with 1 kGy.
In this study, any Chroococcidiopsis single cell or cellular aggregate was considered 1 CFU. In members of the genus Chroococcidiopsis, single cells form, by division, multicellular aggregates (containing up to about 32 cells) that eventually disperse, and cell size is not a good indicator of the number of cells in an aggregate. In any given population, the ratio of single-celled units to cellular aggregates with different cell numbers varies according to the physiological characteristics of the strain (there are differences in mean generation times). Furthermore, different cells within the same aggregate may be in different physiological states (Fig. 3) . It could be argued that survival data are therefore biased, as any CFU may originate from one cell or more than one cell within an aggregate and be dependent on the physiological status of the cell(s). The fact that the cell populations are indeed heterogeneous can be inferred from the shape of the dose-response curves, which initially decrease exponentially and then recurve at higher radiation doses. Such inflection points on survival curves commonly occur in experiments performed with asynchronous cells or in cases in which the irradiated cell population consists of a mixture of single cells and cell aggregates (6) . This pattern suggests that the initial part of each survival curve (Fig. 2) is not influenced by the presence of cell aggregates and that the radiation responses of single cells probably follow the pattern observed in the initial low-dose portions (up to 7.5 kGy) of the survival curves. However, not only is this method unavoidable, but it also reflects the life history and adaptive strategy of Chroococcidiopsis cells for survival; in desiccated cultures, survivors are either single-cell units or individual cells that live among many dead cells in multicellular aggregates (8, 9) .
Radiation-induced DNA damage. The effects of exposure to 2.5 and 5 kGy of X rays on genomic DNA were monitored by using Chroococcidiopsis sp. strains 015, 057, and 171, and comparable results were obtained. After irradiation with 5 kGy, genomic DNA of Chroococcidiopsis sp. strain 171 (Fig. 4A , lane 2) was replaced by a broad smear at a lower molecular weight (Fig. 4A, lane 3) , which was still present 12 h after irradiation (Fig. 4A, lane 4) but was not present 24 h after irradiation (Fig. 4A, lane 5) . Chroococcidiopsis cells irradiated with 2.5 kGy were able to repair DNA damage within 3 h (data not shown). Part of the DNA degradation evident in Fig. 4A occurred because DNA samples were frozen and thawed once after the extraction, but shearing affected mainly the upper band of the two bands present in the genomic DNA extracts, as shown by a comparison of Fig. 4A, lane 2, and Fig. 4B , lanes 2 and 3. This upper band may represent a megaplasmid, but purification of this band has never been attempted; at the moment, the presence of a plasmid can be discounted only for Chroococcidiopsis sp. strains 029 and 171 (D. Billi, unpublished data). A cycle of freezing and thawing resulted in extensive degradation that produced rRNA and precursors (Fig. 4A) , as suggested by the disappearance of the prominent bands between 2 and 0.5 kb, the pattern of which is characteristic (1). This degradation was not observed with samples that were loaded onto the gel immediately after extraction (Fig. 4B) . DNA degradation due to irradiation with 5 kGy is shown in Fig. 1C, lane 3 ; the effect of freezing and thawing on the same sample is shown in lane 2.
Excision repair. When release of DNA after irradiation with 2.5 kGy of X rays was studied with Chroococcidiopsis sp. strains 015, 057, and 171 labeled with [ 3 H]thymidine, the amounts of TCA-precipitable radioactivity in supernatants from irradiated cultures were greater than the amounts of TCA-precipitable radioactivity in supernatants from unirradiated cultures (Fig.  5) . Thirty minutes after irradiation, the amounts of radioactivity in the supernatants of strains 015 and 057 increased to about 254 and 213% of the amount present in the control and then sharply decreased. The radioactivity in the supernatant of strain 171 increased to about 188% of the control value 2 h after irradiation and then decreased.
The radioactivity in the supernatants from irradiated Chroococcidiopsis cultures might have been due to cell lysis and to labeled nucleotides in complexes with proteins of the cell envelope. However, the increases in radioactivity in the supernatants of irradiated cells might have been due to cell lysis and/or to an excision process involved in DNA repair. Export of damaged DNA has been reported in D. radiodurans (10), but its relationship to radiation resistance has never been explored (2) . The progressive decrease in the radioactivity detectable in the growth medium of Chroococcidiopsis cells suggests that released nucleotides are reincorporated after DNA synthesis resumes. Conclusions. Chroococcidiopsis cells are able to survive doses of X rays as high as 15 kGy, and the rate of survival of these cells is second only to the rate of survival reported for D. radiodurans, the most radiation-resistant organism known (2, 14) . Although the resistance of Chroococcidiopsis cells, which decreases sharply after irradiation with 5 kGy or more, is not quite comparable to the resistance of Deinococcus cells, it is still exceptional. When comparable data for survival of other photoprophics after exposure to X rays are available, the radioresistance of Chroococcidiopsis cells will be estimated further. After high doses (up to 15 kGy) of X rays, survivors were still present, but the lack of suitable selectable phenotypes hampered identification of cells with induced mutations.
As our data are based on a study of strains obtained from desert and hypersaline environments, whether Chroococcidiopsis strains in freshwater environments exhibit high levels of radiation resistance is an open question. An evaluation of the 16S rRNA of different Chroococcidiopsis strains is in progress in order to establish the phylogenetic affinities of these organisms. However, the ability to repair DNA damage demonstrated in this study may well be one of the mechanisms that Chroococcidiopsis cells use to withstand prolonged desiccation. We hypothesize that the capacity of these cells to repair radiation-induced DNA damage and probably also desiccationinduced DNA damage is related to their ability to use redundant genetic information, as D. radiodurans does (2, 12, 13) .
The demonstration of radiation resistance in Chroococcidiopsis strains is another step toward meeting the formidable challenge of elucidating the biology of these desiccation-tolerant cyanobacteria and should be followed by genetic studies of the molecular mechanisms that enable these organisms to live and survive in some of the most extreme environments on Earth.
